Anaphase is the stage of the cell cycle when the duplicated genome is separated to opposite poles of the cell. The irreversible nature of this event confers a unique burden on the cell and it is therefore not surprising that the regulation of this cell cycle stage is complex. In budding yeast, a signaling network known as the Cdc fourteen early anaphase release (FEAR) network and its effector, the protein phosphatase Cdc14, play a key role in the coordination of the multiple events that occur during anaphase, such as partitioning of the DNA, regulation of spindle stability, activation of microtubule forces, and initiation of mitotic exit. These functions of the FEAR network contribute to genomic stability by coordinating the completion of anaphase and the execution of mitotic exit.
Cdc14-at the beginning and the end of anaphase
The gene encoding Cdc14 was first identified in a seminal genetic screen for genes required for the cell division cycle (CDC genes) in the budding yeast Saccharomyces cerevisiae (Hartwell et al. 1974) . In this screen, Hartwell and colleagues (1974) characterized the point of arrest in the cell cycle of 19 cdc mutants, thereby providing a global view of the genetic requirements for progression through the cell cycle in eukaryotes. From this analysis, CDC14 emerged as an essential gene mediating cell cycle events after metaphase, but prior to cytokinesis. Our understanding of the cellular functions of Cdc14 has expanded dramatically in the last 30 yr since its discovery. The CDC14 gene has been cloned and shown to encode the founding member of a novel family of dual specificity Ser/Thr phosphatases (Wan et al. 1992) , and although the Cdc14 protein contains sequences in addition to its phosphatase domain, all of its currently known functions depend on its phosphatase activity. In recent years, it has been shown that this phosphatase is required for the execution of multiple anaphase events, with its most prominent function being the inactivation of cyclin-dependent kinases (CDKs) during exit from mitosis (Visintin et al. 1998; Jaspersen et al. 1998 ).
Cdc14 activity is tightly regulated. The phosphatase is bound to an inhibitor, Cfi1/Net1, which keeps it inactive in the nucleolus for most of the cell cycle. However, from early anaphase until telophase, the interaction between the two proteins is lost and Cdc14 becomes active. The loss of association between Cdc14 and Cfi1/ Net1 is paralleled by a release of Cdc14 from the nucleolus into the nucleus and cytoplasm (Shou et al. 1999; Visintin et al. 1999) . At the time of discovery of Cfi1/ Net1, it was also found that Cdc14 release from its inhibitor is mediated by the mitotic exit network (MEN), a group of proteins forming a Ras-like signaling cascade (Bardin and Amon 2001; McCollum and Gould 2001; Simanis 2003) . However, 2 yr ago, work from several laboratories showed that Cdc14 is also activated by a network of proteins distinct from the MEN, which has been termed the Cdc fourteen early anaphase release (FEAR) network ( Fig. 1 ; Pereira et al. 2002; Stegmeier et al. 2002; Sullivan and Uhlmann 2003) . Recent studies have shown that Cdc14 released by this network mediates key anaphase functions distinct from those mediated by the MEN. These include the regulation of chromosome structure and segregation, the regulation of microtubule forces and spindle stability, and the regulation of protein localization. This review focuses on these recently discovered roles of Cdc14 activated by the FEAR network, and discusses how these functions allow the cell to coordinate anaphase events. Beforehand, we will briefly introduce the components of the MEN and FEAR network. Detailed information on MEN components can be found in recent reviews by Bardin and Amon (2001) and Simanis (2003) .
The mitotic exit network-mediating the late appearance of Cdc14 in the cell cycle
When the term mitotic exit network was coined (Jaspersen et al. 1998) , it referred to a group of genes that, when mutated, cause cells to arrest in late anaphase with high levels of mitotic CDK (Clb-CDK in yeast) activity (Surana et al. 1993; Shirayama et al. 1994; Toyn and Johnston 1994; Jaspersen et al. 1998) . Further characterization of this group of genes, guided by studies of the homologous pathway in Schizosaccharomyces pombe, the septation initiation network (SIN), revealed that it constitutes a signaling cascade regulated by a small GTPase, Tem1, and two downstream kinases, Cdc15 and Dbf2-Mob1 ( Fig. 1 ; Table 1 ; Frenz et al. 2000; Lee et al. 2001; Visintin and Amon 2001) . Genetic and biochemical evidence supports a model in which the GTPase Tem1 functions near or at the top of the MEN and is negatively regulated by a GTPase-activating protein (GAP) complex known as Bub2-Bfa1 and positively regulated by a putative GTP-exchange factor (GEF) Lte1. Bub2-Bfa1 and Lte1 are members of the MEN but, unlike other MEN components, are not essential for cell viability or MEN activation in an unperturbed cell cycle. The activated form of Tem1, which is likely to be the GTPbound form, is thought to propagate a signal to the protein kinase Cdc15 (Sohrmann et al. 1998) . Cdc15 then activates the protein kinase Dbf2, which acts in a complex with Mob1 to activate the MEN (Mah et al. 2001) . Activation of the MEN ultimately leads to the release of Cdc14 from its nucleolar inhibitor Cfi1/Net1. The molecular details as to how the MEN promotes the dissociation of Cdc14 from Cfi1/Net1 are still unclear. However, we do know that Cdc14 mediates the MEN's primary function, that is, the inactivation of Clb-CDK activity and the dephosphorylation of CDK substrates (Visintin et al. 1998) .
MEN activity is controlled temporally and spatially through changes in subcelular localization of its components during the cell cycle (Fig. 2) . Throughout most of the cell cycle, Bub2 and Bfa1 colocalize with Tem1 at the spindle pole body (SPB; the yeast equivalent of the mammalian centrosome) destined to migrate into the daughter cell during nuclear division. In contrast, the positive MEN regulator, Lte1, is localized away from Tem1 in the Figure 1 . The Cdc14-activating networks. Schematic representation of the functional relationship among the members of the MEN and FEAR network. The ultimate function of these networks is to activate Cdc14 by releasing it from its inhibitor Cfi1/Net1. Lines ending with an arrowhead indicate the stimulation of the downstream effector, whereas lines ending with a perpendicular bar indicate the inhibition of the target protein. CDC14  clp1/flp1  cdc-14  CDC14A  CDC14B  CFI1/NET1  Mitotic CDKs  CDC28-CLB1,  CDC28-CLB2,  CDC28-CLB3,  CDC28-CLB4   cdc2-cdc13  Cdk1-cyclinB,  Cdk1-cyclinA   TEM1  spg1  BUB2  cdc16  GAPCenA  LTE1  CDC15  cdc7  DBF2  sid2  Warts  LATS1  MOB1  mob1  MOB1  MOB1  MOB4  Separase  ESP1  cut1 (Bardin et al. 2000; Pereira et al. 2000) . The close association of Tem1 to its GAP Bub2-Bfa1 maintains it in its inactive GDP-bound form. However, when the spindle elongates during anaphase, the Tem1-bearing SPB enters the bud where the MEN positive regulator Lte1 is concentrated (Bardin et al. 2000; Pereira et al. 2000) . Post-translational modifications occurring on Bub2-Bfa1 during anaphase also suggest that the GAP activity of the complex is inactivated when the daughter-bound SPB (dSPB) enters the bud (Hu et al. 2001; Pereira et al. 2002) . Concomitantly with penetration of the dSPB into the bud during anaphase, Cdc15 becomes enriched at the Tem1-bearing SPB, whereas Bub2-Bfa1 relocalize to the SPB in the mother cell (Molk et al. 2004) . Therefore, the passage of the dSPB through the bud neck during anaphase appears to mark a switch from an inactive MEN to an active MEN.
Anxious to release Cdc14-the FEAR network
The existence of an additional pathway regulating Cdc14 during anaphase became apparent through the observation that Cdc14 was still released from the nucleolus in cells lacking MEN activity. This release occurs transiently during early anaphase when the mitotic spindle is elongating from 4 to 7 µm, a process that takes between 5 and 10 min in yeast Stegmeier et al. 2002; Sullivan and Uhlmann 2003) . Factors required for this transient release of Cdc14 were subsequently identified (discussed below) and are collectively referred to as the FEAR network. The FEAR network-mediated release of Cdc14 differs from that mediated by the MEN in that (1) it does not occur throughout the cell, but is restricted to the nucleus, and (2) it cannot promote Clb-CDK inactivation and exit from mitosis (Stegmeier et al. 2002) . This fact, however, should not be taken as an indication of a lesser importance of the FEAR network. Indeed, progression through anaphase in the absence of FEAR network activity is associated with a significant loss in viability (D'Amours et al. 2004 ).
To date, we know of five proteins that function in a positive manner in the FEAR network and of two that function in an inhibitory fashion. Positive factors are Separase (Esp1 in budding yeast), the kinetochore/ spindle protein Slk19, Spo12 and its close homolog Bns1, and the polo kinase Cdc5 (Table 1; Stegmeier et al. 2002; Visintin et al. 2003) . The negative factors are Securin (Pds1 in yeast), an inhibitor of Separase, and the nucleolar protein Fob1 (Cohen-Fix and Koshland 1999; TinkerKulberg and Morgan 1999; Sullivan and Uhlmann 2003; Stegmeier et al. 2004 ). Separase encodes a protease that is best known for its role in sister-chromatid separation. The protease cleaves a component of cohesin, the protein complex that holds sister chromatids together, thereby triggering chromosome segregation (for review, see Nasmyth 2002) . Esp1/Separase is also required for Cdc14 release from the nucleolus as a component of the FEAR network, yet surprisingly, its protease activity appears not to be required to mediate its FEAR network function . Consistent with this, the anaphase-specific cleavage of Slk19, another FEAR network component, by Esp1/Separase is not required for Cdc14 release from the nucleolus (Stegmeier et al. 2002; Sullivan and Uhlmann 2003) . It is thought Fig. 3 and Box 1) with permission from Nature Reviews Molecular Cell Biology. (© 2001 Macmillan Magazines Ltd.) that rather than cleavage of Slk19 by Esp1/Separase being important for FEAR network function, it is the ability of Slk19 to target Esp1/Separase to the spindle midzone and vice versa that may be important for Cdc14 release (Sullivan et al. 2001; Sullivan and Uhlmann 2003) . Identifying the protease-independent function of Esp1/Separase in exit from mitosis and the role of Slk19 in the FEAR network will be an important task in the future. From a regulatory point of view, it is interesting to note that the Esp1/Separase inhibitor Pds1 inhibits both Esp1/Separase's protease function in promoting sister chromatid separation and its nonproteolytic (FEAR network-related) function . This finding explains why Cdc14 early anaphase release from the nucleolus can be inhibited by the spindle checkpoint, which prevents Esp1/Separase activation by inhibiting the degradation of Securin (Stegmeier et al. 2002; . The fact that Securin inhibits FEAR network function also indicates that the FEAR network can be inhibited by the DNA damage checkpoint, which prevents entry into anaphase by inhibiting Pds1 degradation (Cohen-Fix et al. 1996) .
The polo kinase Cdc5 acts at multiple stages during mitotic exit, which makes the dissection of its role in the FEAR network difficult. Nevertheless, it is clear that Cdc5 is a component of the FEAR network and a regulator of the MEN. Cdc5 contributes positively to the MEN by negatively regulating the Tem1 inhibitor complex Bub2-Bfa1 (Hu et al. 2001) and by stimulating Cdc15 kinase activity (via the FEAR network; Stegmeier et al. 2002) . The molecular function of Cdc5 in the FEAR network and whether its kinase activity is required for Cdc14 activation in early anaphase is not known. However, it is possible, if not likely, that Cdc5's kinase activity is required for FEAR network function, as several studies suggest that Cdc5 promotes the phosphorylation of Cfi1/Net1 and Cdc14 (Shou et al. 2002; Visintin et al. 2003) .
Spo12 and Bns1 are both small proteins with no known enzymatic activity. However, recent studies suggest that a small conserved domain (residues 117-137) within Spo12 is important for mediating the protein's FEAR network function, perhaps by serving as a proteinprotein interaction domain (Shah et al. 2001; Stegmeier et al. 2004 ). Spo12 is a nucleolar phosphoprotein that binds to an inhibitor of the FEAR network, Fob1. Because Fob1 also binds to Cfi1/Net1 and prevents Cdc14 release, it has been proposed that Spo12 can induce an anaphase-specific conformational switch in Fob1 that would reduce its ability to inhibit Cdc14 release . In this scenario, mitotic phosphorylation of Spo12 could be the trigger for this conformational change in Fob1, which would, in turn, affect the interaction between Cfi1/Net1 and Cdc14.
A model for the relationship among FEAR network components
Our knowledge of the relationship among FEAR network components is mainly of a genetic nature, and therefore limited. The key observations of these genetic epistasis experiments are as follows. The defect in Cdc14 release from the nucleolus of slk19⌬ and esp1-1 single mutants is similar to that of the slk19⌬ esp1-1 double mutant, suggesting that the two proteins function in the same pathway (Visintin et al. 2003) . Furthermore, Slk19 is required for Cdc14 release from the nucleolus caused by overexpression of Esp1 Visintin et al. 2003) , suggesting that Slk19 either functions downstream of, or together with Esp1 in accomplishing this task. The fact that overexpression of Cdc5 or Spo12 alleviates the need for both Slk19 and Esp1 in promoting Cdc14 release from the nucleolus formally places Cdc5 and Spo12 downstream of, or in parallel to Esp1 and Slk19 (Visintin et al. 2003) . However, owing to the fact that Cdc5 functions in both the MEN and the FEAR network, the results of these epistasis analyses must be interpreted with caution. The release of Cdc14 from the nucleolus induced by Cdc5 overexpression is much stronger than that induced by Spo12, which is consistent with Cdc5 activating not only the FEAR network, but also the MEN (Visintin et al. 2003) .
Double-mutant analysis also suggests that Spo12 functions in parallel to the Esp1-Slk19 branch. The defect in Cdc14 release from the nucleolus is more severe in esp1-1 spo12⌬ and slk19⌬spo12⌬ double mutants than in the single mutants. Cdc5 also appears to act independently of Spo12 and vice versa, as overexpression of either Cdc5 or Spo12 in cells lacking the other protein induces the release of Cdc14 from the nucleolus in early anaphase, although the extent of Cdc14 release induced by Spo12 in the absence of Cdc5 is small Visintin et al. 2003) . It is worth noting that two different approaches were used to determine the epistatic relationship among FEAR network components. In the study by Sullivan et al. (2004) , metaphasearrested cells were used, whereas Cdc14 release from the nucleolus was monitored in normal anaphases in the other study (Visintin et al. 2003) . The presence of a metaphase inhibitor or the absence of an unidentified anaphase activator of the FEAR network in metaphase-arrested cells might explain why overexpression of Spo12 did not lead to Cdc14 release in one study .
The results described above are consistent with a model for the functional interactions between FEAR network components. In this model ( Fig. 1) , the FEAR network is composed of two branches, one including Esp1, Slk19, and the polo kinase Cdc5, whereas the other includes Spo12, Bns1, and Fob1. The action of both branches is necessary to promote Cdc14 release from its inhibitor during early anaphase, although from a molecular perspective, the Esp1-Slk19-Cdc5 branch may affect the Cfi1/Net1-Cdc14 interaction differently than the Spo12-Bns1 branch. This model explains why loss of either branch of the network leads to a complete abrogation of Cdc14 release in the absence of MEN (Stegmeier et al. 2002; Visintin et al. 2003) and accommodates the observation that Cdc5 appears to be able to induce phosphorylation of Cdc14 in a MEN-independent man-ner. Nevertheless, before the contribution of each FEAR network component is understood at the molecular level, alternative models cannot be excluded.
Why would it be beneficial for the cell to have two or multiple branches in the FEAR network when Spo12 alone can do the job, provided its expression levels are increased (Parkes and Johnston 1992; Molero et al. 1993; Jaspersen et al. 1998 )? We hypothesize that this provides an opportunity for integrating cellular events with progression through anaphase. By using a key component of the sister-chromatid separation machinery in the FEAR network (Esp1/Separase), cells make sure that chromosome segregation has initiated before Cdc14 is released from the nucleolus. Yet, at the same time, a dual pathway guarantees that Esp1/Separase is not able to initiate Cdc14 release from the nucleolus on its own, as this could initiate mitotic exit prior to completion of sister chromatid segregation. Therefore, an important function of the FEAR network may be to act as a timer or a buffer between chromosome segregation and cell separation. This could be accomplished by first waiting to obtain a signal from the activated chromosome segregation machinery, and second, by being purposefully slow at releasing Cdc14 from the nucleolus-by keeping Spo12 levels low-so as to make sure that Cdc14 does not initiate mitotic exit prior to anaphase completion. These observations are consistent with the idea that using multiple suboptimal events in the regulation of a given process confers a switch-like response with a built-in delay onto that process-a situation analogous to the degradation of Sic1 at the G1-S-phase transition (Nash et al. 2001) . Given that no checkpoints have been discovered that monitor the completion of chromosome segregation, this timer function of the FEAR network may be essential to schedule a timely-yet sufficiently lateexit from mitosis.
Molecular mechanism of the FEAR network-mediated Cdc14 release
Several reports indicate that the association of Cdc14 with its inhibitor is regulated by phosphorylation. In vitro, addition of Clb2-CDK to Cdc14-Cfi1/Net1 complexes dissociates them (Shou et al. 2002; Azzam et al. 2004) . In vivo, dissociation of Cdc14 from the nucleolus correlates with an increase in phosphorylation of Cdc14 and Cfi1/Net1 (Visintin et al. 2003) . However, until recently, the molecular details as to how phosphorylation triggered by the MEN and the FEAR network affects this association have remained unknown. A recent report by Azzam et al. (2004) identified three phosphorylation sites within the N terminus of Cfi1/Net1 that are important for controlling the association of Cdc14 with Cfi1/Net1 during early anaphase. Mutation of S166, T212, and S252 to alanine in Cfi1/Net1 prevents release of Cdc14 from the nucleolus during early anaphase. Furthermore, cells carrying mutations in all six putative CDK phosphorylation sites in the minimal Cdc14-interaction region of Cfi1/Net1 (T62, S166, T212, S252, T297, T304) exhibit an even greater defect in releasing Cdc14 from the nucleolus. The Cdc14 release defect exhibited by these Cfi1/Net1 mutants is highly reminiscent of that of FEAR network mutants, suggesting that the FEAR network promotes Cdc14 release from its inhibitor by promoting phosphorylation of these sites. Consistent with this idea are not only the genetic interactions of this mutant with MEN mutants, but also the fact that phosphorylation of these residues is restricted to anaphase and depends on the FEAR network (Azzam et al. 2004) .
Previous studies suggested Cdc5 as another likely candidate for promoting the dissociation of Cdc14 from its inhibitor. Cdc5 is also capable of disassembling the Cdc14-Cfi1/Net1 complex in vitro (Shou et al. 2002) ; Cdc5 is the only FEAR (or MEN) component yet identified that has the ability to induce Cdc14 release from the nucleolus in all stages of the cell cycle, even in G1, when Clb-CDK are absent (Visintin et al. 2003; R. Visintin and A. Amon, unpubl.) ; overexpression of Cdc5 induces phosphorylation of Cdc14 and Cfi1/Net1 in vivo (Visintin et al. 2003) and can phosphorylate both proteins in vitro (Shou et al. 2002) . However, although these data would implicate Cdc5 in promoting the dissociation of Cdc14 from its inhibitor, the data by Azzam et al. (2004) implicate mitotic CDKs, rather than Cdc5, in phosphorylating Cfi1/Net1. First, the six residues whose phosphorylation is important for the dissociation of Cdc14 from its inhibitor fall within the S/T-P motif, which corresponds loosely to the CDK consensus sequence for phosphorylation. Second, cells depleted for the mitotic cyclins Clb1 and Clb2 enter anaphase (although with a great delay, because Clb-CDK activity is important for the metaphase-anaphase transition), yet fail to release Cdc14 from the nucleolus and arrest prior to exit from mitosis. These observations led Azzam and colleagues (2004) to conclude that the FEAR network targets Cfi1/Net1 for phosphorylation by Clb-CDKs specifically during anaphase.
Functions of the FEAR network

Initiation of the MEN
One of the phenotypes of FEAR network mutants is that they delay progression through the cell cycle by 20 min (i.e., approximately one-fourth of the yeast cell cycle). This delay occurs in late anaphase, as judged by the persistence of Clb cyclin protein and associated kinase activity and a delay in anaphase spindle disassembly (Stegmeier et al. 2002) . The reason for this delay in exit from mitosis is that Cdc14 released by the FEAR network has the ability to act in a feed-forward amplification loop to activate itself by activating the MEN (Figs. 1, 3) . Many MEN components are phosphoproteins, and in the case of the MEN component Cdc15, phosphorylation has been shown to be inhibitory (Jaspersen and Morgan 2000) . Interestingly, Cdc15 is transiently dephosphorylated during anaphase (Visintin and Amon 2001) . In FEAR network mutants, Cdc15 is not dephosphorylated during early anaphase and MEN activation, as judged by
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Cold Spring Harbor Laboratory Press on September 28, 2017 -Published by genesdev.cshlp.org Downloaded from measurements of kinase activity associated with the most downstream MEN component, Dbf2, is reduced (Stegmeier et al. 2002) . Furthermore, expression of a Cdc15 mutant that can no longer be phosphorylated on specific CDK sites suppressed FEAR network mutant defects (Stegmeier et al. 2002) . It is likely that Cdc14 released by the FEAR network regulates other MEN components beside Cdc15. The MEN components Bfa1 and Lte1 have also been shown to be Cdc14 substrates in vitro, and dephosphorylation of these has been suggested to affect their function and localization, respectively (Pereira et al. 2000 Jensen et al. 2002; Seshan et al. 2002) .
Together, these observations are consistent with a model in which Cdc14 released from the nucleolus by the FEAR network stimulates its own release by activating the MEN, thereby initiating a positive feedback loop. Dephosphorylation of Cdc15 and perhaps other MEN components by Cdc14 could increase the affinity of Tem1-GTP to Cdc15, or even allow some MEN activation in the absence of active Tem1. However, full MEN signaling cannot occur solely through dephosphorylation of Cdc15, as a phosphorylation-resistant mutant of Cdc15 does not alleviate the mitotic exit defect of a strain deleted for TEM1 (Jaspersen and Morgan 2000) . Determining the mechanism whereby Cdc14 stimulates MEN activity will be an important question for future work.
Regulation of anaphase spindle stability
The middle part of the mitotic spindle, the spindle midzone, is particularly fragile during anaphase. The rapid elongation of the spindle that occurs in this phase of the cell cycle reduces the overlap between the pole-to-pole microtubules to a critically small region of the spindle (Byers and Goetsch 1975; Winey et al. 1995) . Therefore, it is perhaps not surprising that spindle stabilization factors localize to the spindle midzone during anaphase. Interestingly, stabilization of the spindle midzone during anaphase appears to be under the control of two FEAR network components, Separase and Slk19. The absence of either factor causes a collapse of the anaphase spindle (Zeng et al. 1999; Sullivan et al. 2001) , raising the possibility that one function of the FEAR network is to stabilize the anaphase spindle. Recent data by Pereira and Schiebel (2003) confirmed this suspicion and provided insight into the mechanism whereby the FEAR network contributes to anaphase spindle stability. The FEAR network appears to act by targeting the evolutionarily conserved Ipl1-Sli15-Bir1 complex to the spindle midzone, where it then promotes the activity of spindle-stabilizing factors.
The Ipl1-Sli15-Bir1 complex is homologous to the Aurora B-Incenp-Survivin complex of higher eukaryotes. The complex is required for several aspects of mitotic spindle regulation, including bipolar attachment of kinetochores to the spindle (Tanaka et al. 2002) , activation of the spindle tension checkpoint (Biggins and Murray 2001) , and mitotic spindle disassembly (Buvelot et al. 2003) . In addition, the complex has recently been shown to regulate anaphase-specific chromosome condensation (Petersen and Hagan 2003; Lavoie et al. 2004 ). The subcellular localization of the Ipl1 complex is dynamic during the cell cycle, associating with kinetochores prior to metaphase and then localizing to the spindle midzone during anaphase (Zeng et al. 1999; Sullivan et al. 2001; Buvelot et al. 2003; Pereira and Schiebel 2003) . The FEAR network is essential for the translocation of Ipl1 and Sli15 to the spindle midzone in early anaphase (Pereira and Schiebel 2003) . However, in the absence of FEAR network activity, Sli15 eventually localizes to the spindle midzone in late anaphase in a MEN-dependent manner, suggesting that this function is shared between the FEAR network and the MEN.
How does the FEAR network promote the translocation of the Ipl1 complex to the spindle midzone? Sli15 is a phosphoprotein with multiple CDK consensus phosphorylation sites. Pereira and Schiebel (2003) showed that Sli15 is partially dephosphorylated during anaphase in a Cdc14-dependent manner and binds directly via its Dephosphorylation of Cdc15 is believed to stimulate its kinase activity, whereas dephosphorylation of Sli15 directs the Ipl1-Sli15 complex to the spindle midzone. Cdc14 also targets the condensin complex to the nucleolus, but this event is unlikely to result directly from Cdc14-mediated dephosphorylation of the complex. The immediate target of Cdc14 in this process is currently unknown, but may involve components of the sumoylation machinery. Likewise, the effector of the nuclear positioning function of Cdc14 is still unknown but may be Kar9. Furthermore, it remains a formal possibility that the FEAR network does not act through Cdc14 in the regulation of nuclear positioning. The characters D and M on each side of the anaphase cell in the third column refer to the daughter and mother portions of the cell, respectively, and the red arrowhead indicates the microtubule force stimulated by the FEAR network.
microtubule-binding domain to Cdc14, thereby providing a potential mechanism for the regulation of the Ipl1 complex by the FEAR network (Pereira and Schiebel 2003) . Mutation of the putative CDK phosphorylation sites to residues that can no longer be phosphorylated bypasses the requirements for the FEAR network in the association of Sli15 to the spindle midzone. Furthermore, the phosphorylation-site mutant of Sli15 stabilizes mitotic spindles formed in the absence of Esp1/ Separase activity, which normally break down in anaphase (Sullivan et al. 2001; Pereira and Schiebel 2003) . Interestingly, a report by Buvelot et al. (2003) showed that during anaphase, Ipl1 destabilizes the mitotic spindle rather than stabilizing it. The reason for these seemingly contradictory results may be that Pereira and Schiebel (2003) examined the effects of Sli15 in metaphase-arrested cells that were induced to undergo anaphase by artificial cleavage of cohesin, whereas Buvelot and colleagues (2003) analyzed the effects of Ipl1 in cells undergoing a normal anaphase. Perhaps metaphase cells contain spindle-destabilizing factors that are antagonized by targeting of the Ipl1 complex to the spindle midzone.
How does the Ipl1 complex promote anaphase spindle stabilization? An attractive hypothesis is that the complex promotes the translocation of microtubule stabilization factors to the midzone. A candidate target is the kinetochore/spindle-binding factor Slk19. Slk19, like the Ipl1 complex, translocates to the spindle midzone during anaphase (Zeng et al. 1999) . This transition to the spindle midzone during anaphase requires both the FEAR network and Ipl1-Sli15. Expression of a mutant form of Sli15 that can no longer be phosphorylated partially suppresses the need for the FEAR network in this process (Pereira and Schiebel 2003) . Taken together, these observations indicate that Cdc14 released from the nucleolus by the FEAR network (along with the MEN) targets the Ipl1 complex to the spindle midzone, where it in turn mediates the recruitment of the spindle-stabilizing protein Slk19. How the Ipl1 complex mediates this function is still unclear, but it appears likely that this would involve an Ipl1-dependent phosphorylation of either Slk19 or a targeting protein for Slk19. Interestingly, not all spindle midzone proteins are mislocalized in ipl1 or sli15 mutants; the spindle-stabilizing protein Ase1, for example, is correctly targeted at the midzone in sli15 mutants (Pereira and Schiebel 2003) .
An important question is why are spindles still stable in the absence of Slk19 targeting to their midzone (i.e., in sli15 or cdc14 mutants) when complete loss of Slk19 causes spindle collapse? Pereira and Schiebel (2003) suggest that this apparent paradox is caused by the fact that the reduced levels of Slk19 protein still in contact with the spindle (without being specifically targeted at the midzone) in sli15 or cdc14 mutants are sufficient to provide some stabilizing function to the spindle. This partial function is dependent on the stabilizing function of Ase1, because loss of both Slk19 and Ase1 targeting to the midzone in esp1/separase mutants causes spindle collapse (Sullivan et al. 2001) . The ability of either Ase1 or Slk19 to suppress the spindle collapse phenotype of the other when it is not targeted to the spindle midzone appears to be reciprocal. This idea is supported by the observation that expression of the phosphorylation site mutant of Sli15 in esp1/separase-deficient cells allows the formation of stable spindles in the absence of Ase1 localization to the spindle midzone (Pereira and Schiebel 2003) . Given the importance of the spindle midzone and the cell midbody in cytokinesis in higher eukaryotes, it will be important to evaluate the importance and potential conservation of the midzone-targeting functions of the FEAR network in mammalian cells.
Nuclear positioning
The FEAR network not only regulates spindle stability, but also forces exerted by cytoplasmic microtubules (cMTs) during anaphase. These FEAR network-dependent cMT-directed forces play an important role in positioning the dividing nucleus so that the mother and daughter cells will each receive their proper half of the duplicated genome. The identification and characterization of MT forces is usually complicated by the fact that multiple forces act on the nucleus during mitosis. However, in an elegant study, Ross and Cohen-Fix (2004) identified a previously unappreciated FEAR network-dependent nucleus-pulling force mediated by cMTs in the mother cell.
The initial suggestion as to the existence of a nucleuspulling force exerted specifically by cMTs from the mother side of the dividing cell came from the observation that the nucleus is always pulled into the daughter cell (the bud) in esp1/separase mutants (McGrew et al. 1992) . This preference for the migration of the undivided nucleus into the future daughter cell, called the "daughterly" phenotype, is the combined result of the inability of esp1/separase mutants to segregate their DNA and their FEAR network defect (Ross and Cohen-Fix 2004) . However, these two defects are independent of each other. Nevertheless, the reason why these two functions have to be lost to visualize the daughterly phenotype is that they both contribute semiredundant forces in the positioning of the nucleus during anaphase. On the one hand, elongation of the mitotic spindle provides a force that pushes the dividing nucleus into both the bud and the mother sides of the cell. In the absence of chromosome segregation, spindle elongation is prevented and the only forces that can move the nucleus within these mutant cells must be exerted by cMTs. Ross and CohenFix (2004) proposed that the FEAR network is specifically required for the activation of pulling forces exerted by cMTs in the mother side of the cell. This was demonstrated in an experiment in which preventing sister chromatid segregation while maintaining FEAR activity (in a mutant expressing a noncleavable version of the cohesin Scc1/Mcd1) allowed the undivided nucleus to remain in the mother cell. Conversely, inactivation of the FEAR network in cells expressing the noncleavable version of Scc1/Mcd1 leads the undivided nucleus to be pulled into the bud, thereby recapitulating the esp1/ separase phenotype (Ross and Cohen-Fix 2004) . Interest-ingly, artificial release of Cdc14 (using the dominant TAB6-1 allele of the gene) did not fully restore the nuclear positioning phenotype of FEAR network mutants, suggesting that Cdc14 might not be the sole effector of the FEAR network in this process. However, it is also possible that the Tab6-1 protein cannot perform all Cdc14 functions, an alternative consistent with the finding that the phosphatase activity of the mutant enzyme is reduced to ∼75%-80% of wild-type levels (Shou et al. 2001) .
What could be the target of Cdc14 in this process? A key candidate is the adenomatous polyposis coli (APC)-related protein Kar9. Kar9 is a microtubule-associated protein that binds the daughter-bound SPB and translocates to cytoplasmic microtubules during mitosis (Liakopoulos et al. 2003; Maekawa et al. 2003) . Kar9 localization to the SPB that remains in the mother cells appears to be inhibited by Clb4-CDK, although the extent with which Kar9 phosphorylation confers its asymmetric localization is controversial (Liakopoulos et al. 2003; Maekawa and Schiebel 2004) . Cdc14 released by the FEAR network may reverse CDK phosphorylation on Kar9 during early anaphase, thereby inducing the localization of Kar9 to the SPB in the mother cells, where it could stimulate the pulling force on the cytoplasmic microtubules in the mother cell. Consistent with this view, phosphorylation of Kar9 is reduced specifically in early anaphase (Liakopoulos et al. 2003; Maekawa et al. 2003) . It is, however, important to note that many microtubuleassociated motor proteins are phosphorylated by ClbCDKs during mitosis (Ubersax et al. 2003) and represent alternative or additional potential targets for Cdc14 in nuclear positioning.
Taken together, these observations are consistent with a new model for the regulation of nuclear positioning during mitosis (Ross and Cohen-Fix 2004) . Prior to anaphase, cMTs in the mother cell push the nucleus toward the bud neck with the help of pulling forces exerted by cMTs anchored in the bud ( Fig. 3 ; Pearson and Bloom 2004) . At the onset of anaphase, the FEAR network switches the direction of the forces exerted by cMTs anchored in the mother cell cortex from pushing to pulling. This, together with the pushing forces provided by the elongating spindle, allows half of the nucleus to move back to the mother cell. The other half migrates into the bud in response to the combined action of the pulling forces exerted by cMTs anchored in the bud cortex and the elongating spindle.
Segregation of repetitive DNA in mitosis and meiosis
Loss of sister-chromatid cohesion is a multistep process leading to the inactivation of cohesin, the ring-shaped protein complex that holds sister chromatids together from S phase to metaphase (for review, see Nasmyth 2002) . At the metaphase-anaphase transition, proteolytic cleavage of the Scc1/Mcd1 subunit of cohesin by Separase is believed to open the cohesin ring, thereby allowing sister chromatids to move to opposite poles of the cell. Recent work has revealed an unexpected role for the FEAR network in chromosome segregation, specifically in the segregation of heterochromatic/repetitive regions of the genome. The identification of this role has challenged the hitherto held view that cohesin mediates all biologically relevant chromosomal linkages during cell division. Striking parallels between observations in yeast and in higher eukaryotes suggest that at least some aspects of this function of the FEAR network will be conserved across species.
Studies on the fruit fly Drosophila melanogaster have provided the most compelling evidence for the existence of additional modes of chromosome association-or persistent cohesion-at heterochromatic and repeated loci. For instance, it has long been known that in metaphasearrested Drosophila cells, cohesion between sister chromatid arms is lost for all chromosomes except the heterochromatic Y chromosome, where sister chromatids remain paired along their entire length ( Fig. 4A ; Gonzalez et al. 1991) . In fact, the persistent cohesion at heterochromatic loci has been used for many years as a cytological marker for studies of chromosome rearrangement and segregation in flies (see Fig. 4D ; Pimpinelli and Ripoll 1986) . More recently, Drosophila heterochromatic dodecasatellite DNA has also been found to maintain a physical connection between prematurely separated sister chromatids or so-called "ski anaphases" (Carmena et al. 1993) . Finally, during Drosophila female meiosis, heterochromatic regions of achiasmate homologs (some chromosomes in Drosophila females do not undergo meiotic recombination) remain paired until metaphase, whereas euchromatic regions separate earlier in prophase (Dernburg et al. 1996; Karpen et al. 1996) .
Persistent cohesion at heterochromatic and repeated DNA has also been observed in other eukaryotes. For instance, it has been found at the beginning of the last century that the nucleolus-the organelle containing the heterochromatic ribosomal DNA (rDNA)-in the yeast Schizosaccharomyces octosporus separates much later than the rest of the nucleus in meiosis ( Fig. 4C ; Guilliermond 1917) . This observation has been confirmed more recently using molecular tools in the budding yeast Saccharomyces cerevisiae (Granot and Snyder 1991; Buonomo et al. 2003) . The repetitive, heterochromatinlike telomeres have also been found to separate later than other sequences in budding yeast (Straight et al. 1997) . In mammalian cells, chromosomes containing the largest amount of pericentric heterochromatin are always the last to separate in anaphase ( Fig. 4C; Vig 1982 ; for review, see Vig 1987) . Furthermore, repetitive sequences such as human or mouse pericentric satellite DNA and sections of the Y chromosome in fly can be moved to other genomic locations and confer onto these a late-segregating behavior and increase their rate of nondisjunction ( Fig. 4E,F ; Lica et al. 1986; Pimpinelli and Ripoll 1986; Gonzalez et al. 1991; Warburton and Cooke 1997; Rudd et al. 2003) . Taken together, these observations suggest that the segregation of at least some repetitive/heterochromatic sequences requires different and/ or additional mechanism(s) than that of early-segregating sequences.
The first indication that cohesin removal-or inactivation-is not sufficient for the segregation of repetitive DNA came from the analysis of cells deficient in FEAR network activity. It has been shown some time ago that cdc14 mutants exhibited defects in the separation of the nucleolus (Granot and Snyder 1991) . A recent extensive characterization of the role of Cdc14 in chromosome segregation revealed that Cdc14 activated during early anaphase by the FEAR network was necessary for the efficient segregation of the rDNA array and also telomeres, but not for the segregation of other regions of the genome (D' Amours et al. 2004; Sullivan et al. 2004; Torres-Rosell et al. 2004) . Strikingly, the rDNA segregation defect of cdc14 and FEAR network mutants is not bypassed by either the absence or inactivation of cohesin (D'Amours et al. 2004; Sullivan et al. 2004) . Taken together, these observations indicate that other types of sister-chromatid linkages exist at the rDNA, and that Cdc14 and the FEAR network are responsible for the dissolution of these linkages. It is worth noting that this cohesin-independent cohesion also exists between homologs during meiosis I (Buonomo et al. 2003) , which could be mediated by the same sister linkages that are observed during mitosis or through direct homolog-homolog interactions.
Although the nature of the cohesion between sister chromatids (and possibly homologs) at repetitive DNA remains unknown, we do know how Cdc14 released by the FEAR network promotes the dissolution of rDNA linkages. Studies of mutants defective in condensin, a protein complex structurally similar to cohesin and involved in chromosome condensation, showed that they have nucleolar and telomeric segregation defects very similar to that of FEAR network mutants (Freeman et al. 2000; Bhalla et al. 2002) . This observation raised the possibility that the FEAR network and condensin act together to mediate rDNA segregation in anaphase. Several lines of evidence support this view. First, the anaphasespecific enrichment of condensin in the nucleolus depends on Cdc14 released by the FEAR network (D'Amours et al. 2004; Wang et al. 2004) . Second, overexpression of Cdc14 is sufficient to induce condensin enrichment in the nucleolus and rDNA separation in stages of the cell cycle when these events do not normally occur. Finally, inactivation of condensin prevents the separation of the rDNA in cells overexpressing Cdc14 (D'Amours et al. 2004) . Mechanistically, the FEAR network may target condensin to the nucleolus or otherwise activate its segregation function by regulating the attachment of the ubiquitin-like protein SUMO to 
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Cold Spring Harbor Laboratory Press on September 28, 2017 -Published by genesdev.cshlp.org Downloaded from Ycs4 (a condensin subunit). Interestingly, there is a precedent for a regulatory role of SUMO in this process, as fruit flies deficient in the SUMO ligase Su(var)2-10 show a strong defect in chromosome condensation during mitosis (Hari et al. 2001) . Strikingly, this defect is associated with a reduced fidelity in chromosome transmission, increased occurrence of anaphase bridging, and formation of melanotic tumors (Hari et al. 2001) . Likewise, inactivation of the desumoylating enzyme Smt4 in budding yeast causes condensin localization and rDNA segregation defects similar to that of FEAR network mutants (Strunnikov et al. 2001; D'Amours et al. 2004) . The validation of this putative mechanism for regulating condensin localization and rDNA segregation awaits the identification of the sumoylation sites on Ycs4.
How could FEAR network-dependent regulation of condensin promote the segregation of repetitive DNA? A key issue with the segregation of ChrXII, the rDNA-bearing chromosome, is the reduction of its length. ChrXII is the longest chromosome in yeast, and it is therefore important for cells to make sure that the rDNA-bearing arm of this chromosome (the longest arm) is shortened to a length at least half the length of the anaphase spindle. The FEAR network regulates this process together with condensin in at least two ways, conventional chromosome condensation and large-scale chromosome compaction/organization.
Chromosome condensation. The rDNA remains condensed for a longer period of time than any other chromosomal regions in yeast (Guacci et al. 1994) . This is likely to reflect the fact that complete segregation of ChrXII requires more time than that of other chromosomes because of its length. Cdc14 plays an important role in this process because, in the absence of this protein, cells do not maintain condensation at the rDNA during anaphase (Guacci et al. 1994) . Overexpression of Cdc14 is also sufficient to induce rDNA condensation in metaphase-arrested cells (Sullivan et al. 2004) . The function of Cdc14 in chromosome condensation likely reflects its activation by the FEAR network, as the MEN component Cdc15 is not required for this process (Guacci et al. 1994) . Nevertheless, a role of the FEAR network in chromosome condensation remains to be proven formally, as no other FEAR network mutants have been tested for their contribution to this process.
Chromosome compaction/organization. The functional relationship between chromosome length reduction and segregation appears to be more complex than a simple process of chromosome shortening by conventional condensation (i.e., condensation typically occurring at euchromatic loci). The initial observation supporting this idea came from the study of cells defective in the Ipl1-Sli15 complex, the yeast homolog of the human Aurora B-Incenp complex (D'Amours et al. 2004; Sullivan et al. 2004) . In these cells, anaphase-specific rDNA condensation is completely defective (Lavoie et al. 2004 ), yet these mutants show only a modest reduction in the efficiency of ChrXII segregation (i.e., ∼10%-20% missegregation; Sullivan et al. 2004 ). This contrasts with the severity of the rDNA segregation defect seen in cdc14 mutants (∼80%-90%) and indicates that the chromosome condensation defect of FEAR network mutants cannot fully explain their rDNA segregation defect (Granot and Snyder 1991; D'Amours et al. 2004; Sullivan et al. 2004; Torres-Rosell et al. 2004 ). This conclusion is consistent with the finding that overexpression of Cdc14 in metaphase-arrested cells can promote rDNA separation when condensation is completely eliminated by inactivation of cohesin and Ipl1 (in a mcd-1 ipl1-123 mutant; D' Amours et al. 2004) . In contrast, loss of condensin in metaphase-arrested Cdc14 overproducing cells does prevent rDNA separation (D'Amours et al. 2004) . Taken together, these observations indicate that the role of condensin and the FEAR network in chromosome condensation can be separated genetically from their role in chromosome segregation. Furthermore, these results indicate that aspects of large-scale chromosome organization other than condensation, at least taken in its classical definition, are required for rDNA segregation.
Why the rDNA array imposes a requirement for mechanisms in addition to cohesin removal for efficient segregation is not clear at present. If the role of Cdc14 in rDNA segregation was restricted to shortening the rDNA array to a length smaller than half the mitotic spindle, one might expect that the rDNA array would eventually separate-by passive diffusion-in the absence of cohesin activity. Yet, cohesin-deficient cells maintained in metaphase do not separate their rDNA array (D'Amours et al. 2004 ). Thus, something else, also under the control of the FEAR network and condensin, must hold the sister chromatids together at the rDNA array. Interestingly, neither increased recombination nor the heterochromatic nature of the rDNA locus appear to be responsible for creating these linkages (D' Amours et al. 2004; Sullivan et al. 2004) . Perhaps catenates that need specialized mechanisms for their removal are enriched at repetitive DNA. However, cdc14 mutants do not show defects in topoisomerase II (Top2) decatenation activity (Koshland and Hartwell 1987) . Furthermore, high levels of Cdc14 can induce rDNA separation in metaphase-arrested top2 mutants (D'Amours et al. 2004) and overexpression of Top2 does not bypass the segregation defect of condensin mutants (Bhalla et al. 2002) . It is possible that the relative chromosomal positioning (i.e., centromere proximal vs. distal) of the rDNA array or its position in the nucleus (near the nuclear envelope) plays a role in its late segregation. Identifying why a special form of cohesion is present at repetitive regions is an important question for the future.
It is tempting to speculate that a condensation-independent function of the condensin complex also exists in higher eukaryotes. Chromosome segregation defects are observed in most, if not all, eukaryotes where condensin mutants have been identified (Saka et al. 1994; Strunnikov et al. 1995; Bhat et al. 1996; Sutani et al. 1999; Freeman et al. 2000; Lavoie et al. 2000 Lavoie et al. , 2002 Steffensen et al. 2001; Bhalla et al. 2002; Hagstrom et al. 2002) . Segregation of repetitive DNA may also require mechanisms in addition to cohesin removal in higher eukaryotes. Chicken cells defective in the Rad21/Mcd1/Scc1 subunit of cohesin often maintain cohesion between the telomeres or centromeres, two regions containing highly repetitive DNA (Sonoda et al. 2001) . Likewise, Drosophila polo mutants (Polo encodes the Drosophila homolog of yeast Cdc5) have been reported to maintain cohesion at their telomeres during anaphase, just like FEAR network mutants in yeast (Donaldson et al. 2001) . A similar persistence of cohesion at telomeres-the trenino phenotype-has been observed in flies deficient for the ubiquitin conjugating enzyme UbcD1 (Cenci et al. 1997) . Interestingly, in crane-fly cells, sister telomeres appear to be held together by special elastic tethers that may need to be lost during anaphase for efficient segregation of sister chromatids (LaFountain et al. 2002) . A recent study using human cells showed that the segregation of telomeres requires the activity of Tankyrase 1, a telomerase-associated factor with poly(ADP-ribose) polymerase activity (Dynek and Smith 2004) . In cells deficient for this enzyme, centromeres as well as chromosome arms segregate efficiently, whereas telomeres remain associated. This function of Tankyrase 1 requires its poly-(ADP-ribose) polymerase activity, but the target of this post-translational modification is still unknown. More work is needed to determine whether a cohesin-independent, Cdc14-dependent segregation pathway exists in higher eukaryotes.
The role of Cdc14 and the FEAR network during the meiotic cell cycle
The meiotic cell cycle is a specialized division program, in that a single round of DNA replication is followed by two chromosome segregation phases (for review, see Nasmyth 2002) . The role of Cdc14 and the FEAR network in exit from meiosis I is similar to their role in mitosis; they are required for the inactivation of ClbCDKs, although the requirement for CDK inactivation during meiosis I appears more acute than during mitosis (Buonomo et al. 2003; Marston et al. 2003) . However, during meiosis, Cdc14 is also essential to coordinate the specialized division events, a function that is unique to the meiotic cell cycle. Insight into this role of the FEAR network came from two studies that examined the phenotype of cdc14 and FEAR network mutants progressing in the meiotic cell cycle. Instead of arresting in anaphase I with homologous chromosomes segregated, cdc14 and FEAR network mutants exhibit a mixed chromosome segregation pattern, which is characterized by some chromosomes segregating in a meiosis I-like pattern and others segregating in a meiosis II-like pattern (Klapholz and Esposito 1980; Sharon and Simchen 1990; Kamieniecki et al. 2000; Zeng and Saunders 2000; Buonomo et al. 2003; Marston et al. 2003) . This unusual chromosome segregation pattern appears to result from meiotic events being uncoupled (Buonomo et al. 2003; Marston et al. 2003) . Despite cells arresting in anaphase I, meiosis II chromosome segregation events continue to occur, leading to some chromosomes undergoing both meiotic divisions on the same anaphase I spindle. Thus, it appears that Cdc14 and the FEAR network ensure the sequential occurrence of the two meiotic divisions and their taking place on two sequentially built spindles. How does Cdc14 and the FEAR network accomplish this? Probably by antagonizing meiotic CDK activity. The down-regulation of meiotic CDK activity promotes meiosis I spindle disassembly which simulatenously creates conditions that are incompatible with chromosome segregation.
Future perspectives
The perennial question for the mitotic exit field has been whether the discoveries made in budding yeast can be applied to higher eukaryotes. For instance, it is still unclear how a system adapted for, and making use of an asymmetric mode of cell division could be used in a symmetric fission-based division system such as the one used in metazoans. Despite these differences, mammalian homologs of many MEN components, including Dbf2 (NDR1 and LATS1/h-WARTS; Millward et al. 1995; Nishiyama et al. 1999; Tao et al. 1999 ), Mob1 (MOB4; Luca and Winey 1998), Nud1 (Centriolin; Gromley et al. 2003) , Bub2 (GAPCenA; Cuif et al. 1999 ); Cdc5 (PLK1; Clay et al. 1993; Lake and Jelinek 1993; Golsteyn et al. 1994 ) and Cdc14 (CDC14A and CDC14B; Li et al. 1997) , have been identified (Table 1) . Interestingly, it appears that these proteins function in cytokinesis rather than mitotic CDK inactivation in higher eukaryotes. The role of MEN components in cytokinesis appears to be conserved through evolution, as cdc14 mutants in S. pombe, Caenorhabditis elegans, and humans have a striking defect in this process (Cueille et al. 2001; Trautmann et al. 2001; Gruneberg et al. 2002; Mailand et al. 2002) .
The existence of a network analogous to the FEAR network in higher eukaryotes has not been demonstrated yet. Nevertheless, orthologs of all members of the FEAR network, with the notable exception of Slk19, have been identified in other yeasts and multicellular eukaryotes. Furthermore, at least two phenomena controlled by the FEAR network in yeast are conserved in mammals. First, the Ipl1-Sli15 complex homolog AIRK2-INCENP translocates from kinetochores to the spindle midzone during anaphase (Eckley et al. 1997; Adams et al. 2000) , and abrogation of this translocation is believed to cause defects in cytokinesis (Eckley et al. 1997) . Furthermore, C. elegans Cdc14 has been implicated in spindle midzone formation through dephosphorylation of the kinesin ZEN4 (Gruneberg et al. 2002) . Second, segregation of repetitive/heterochromatic genomic regions seems to also occur late during mitosis in multicellular eukaryotes (discussed above). Whether the FEAR network homologs function in the regulation of these processes is unknown. However, our detailed knowledge of the roles of the FEAR network in Ipl1-complex relocalization and repetitive DNA segregation in yeast provides an excellent stepping stone to address the existence of analogous regulatory processes in higher eukaryotes.
A key issue for our understanding of the FEAR network is the identification of substrates for Cdc14. We know one mechanism whereby Cdc14 released by the FEAR network stimulates MEN activity (through Cdc15 dephosphorylation) and we also know how Cdc14 targets the Ipl1-Sli15 complex to the spindle midzone (through dephosphorylation of Sli15). However, we do not know how Cdc14 accomplishes its other functions during early anaphase. It will be interesting to see whether components of the sumoylation machinery (D'Amours et al. 2004; Wang et al. 2004) or regulators of microtubuledependent forces, such as Kar9 (Liakopoulos et al. 2003; Maekawa et al. 2003; Ross and Cohen-Fix 2004) are dephosphorylated by Cdc14.
In closing, we note that FEAR network components and Cdc14 are not only required for the segregation of repetitive DNA, nuclear positioning, and localization of spindle midzone proteins, but also for the maintenance of genomic integrity and viability (Hartwell and Smith 1985; D'Amours et al. 2004) . As chromosome instability is tightly linked to tumorigenesis, it is possible that mutations in components of the FEAR network contribute to malignant transformation. Determining whether components of the FEAR network are mutated in human cancers should provide insight into this question.
